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(57) ABSTRACT

The present invention 1s directed to a method for reading and
writing an STIT-MRAM multi-level cell (MLC), which
includes a plurality of memory elements coupled in series.
The method detects the resistance states of individual
memory elements 1n an MLC by sequentially writing at least
one of the plurality of memory element to the low resistance
state 1n order of ascending write current threshold. IT a written
clement switches the resistance state thereof after the write
step, then the written element was 1n the high resistance state
prior to the write step. Otherwise, the written element was 1n
the low resistance state prior to the write step. The switching
of the resistance state can be ascertained by comparing the
resistance or voltage values of the plurality of memory ele-
ments before and after writing each of the plurality of
memory elements 1n accordance with the embodiments of the

present 1nvention.
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MULTI-LEVEL CELLS AND METHOD FOR
USING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation-in-part of the

commonly assigned application bearing Ser. No. 14/079,518
filed Nov. 13, 2013, entitled “METHOD FOR READING
AND WRITING MULTI-LEVEL CELLS,” currently pend-

ing. The application, including the specification thereot, 1s
incorporated herein by reference.

BACKGROUND

The present invention relates to methods of operating a
memory device having a multi-level cell (MLC), and more
particularly, to methods of reading and writing a spin transier
torque magnetic random access memory (STI-MRAM)
device having an MLC array.

Spin transier torque magnetic random access memory
(STT-MRAM) 1s a new class of non-volatile memory, which
can retain the stored information when powered off. An STT-
MRAM device normally comprises an array of memory cells,
cach of which includes a magnetic memory element and a
selection transistor coupled in series between appropriate
clectrodes. Upon application of an appropnate current to the
magnetic memory element, the electrical resistance of the
magnetic memory element would change accordingly,
thereby switching the stored logic 1n the respective memory
cell.

FIG. 1 1s a schematic circuit diagram of a STT-MRAM
device 30, which comprises a plurality of memory cells 32,
cach of the memory cells 32 including a selection transistor
34 coupled to a magnetic memory element 36; a plurality of
parallel word lines 38 with each being coupled to arespective
row of the selection transistors 34 1n a first direction; and a
plurality of parallel bit lines 40 with each being coupled to a
respective row of the memory elements 36 1n a second direc-
tion perpendicular to the first direction; and optionally a plu-
rality of parallel source lines 42 with each being coupled to a
respective row of the selection transistors 34 in the first or
second direction.

The magnetic memory element 36 normally includes a
magnetic reference layer and a magnetic free layer with an
insulating electron tunnel junction layer iterposed therebe-
tween, thereby forming a magnetic tunneling junction (MTJ).
An MTJmay have additional layers, such as magnetic pinned
layer, seed layer, and magnetic pinning layer, to improve 1ts
performance. The magnetic reference layer has a fixed mag-
netization direction and may be anti-ferromagnetically
exchange coupled to a magnetic pinned layer, which has a
fixed but opposite or anti-parallel magnetization direction.
Upon the application of an appropriate current through the
MTI, the magnetization direction of the magnetic free layer
can be switched between two directions: parallel and anti-
parallel with respect to the magnetization direction of the
magnetic reference layer. The electron tunnel junction layer 1s
normally made of an insulating material with a thickness
ranging from a few to a few tens of angstroms. When the
magnetization directions of the magnetic free and reference
layers are substantially parallel, electrons polarized by the
magnetic reference layer can tunnel through the insulating
tunnel junction layer, thereby decreasing the electrical resis-
tivity of the M'TJ. Conversely, the electrical resistivity of the
MT1J 1s high when the magnetization directions of the mag-
netic reference and free layers are substantially anti-parallel.
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The stored logic in the magnetic memory element can be
switched by changing the magnetization direction of the mag-
netic free layer between parallel and anti-parallel with respect
to the magnetization direction of the reference layer. There-
fore, the MTJ has two stable resistance states that allow the
MTIJ to serve as a non-volatile memory element.

Based on the relative ornientation between the magnetic
reference and free layers and the magnetization directions
thereof, a MTJ can be classified into one of two types: in-
plane M1, the magnetization directions of which lie substan-
tially within planes parallel to the same layers, or perpendicu-
lar MTIJ, the magnetization directions of which are
substantially perpendicular to the layer planes.

FIGS. 2A-2D 1llustrate operation of a conventional ST'1-
MRAM cell including an in-plane MTJ memory element 50
coupled to a selection transistor 52 1n series. The MTIJ
memory element 50 1includes a magnetic reference layer 54
having an invariable 1n-plane magnetization direction 56 and
a magnetic Iree layer 58 having a variable in-plane magneti-
zation direction 60 or 66 with a tunnel junction layer 62
interposed therebetween. FIG. 2A shows with the magneti-
zation direction 60 of the magnetic free layer 58 1s parallel to
the magnetization direction 36 of the magnetic reference
layer 54, resulting 1n the MTJ memory element 30 1n the low
resistance state. During read operation, a read current 64 1s
passed through the MTJ memory element S0 and a corre-
sponding potential of V; ,-across the MTI memory element
50 can be detected. FIG. 2B shows the read operation when
the MTJ memory element 50 1s in the high resistance state,
which 1s characterized by the magnetic free layer 58 having a
magnetization direction 66 that 1s anti-parallel or opposite to
the magnetization direction 36 of the magnetic reference
layer 54. A potential of V.., across the M'TJ memory ele-
ment 50 can be measured, wherein V.-, 1s substantially
higher than V, ;- in order to distinguish the corresponding
high and low resistance states.

FIG. 2C illustrates the write process for switching the
resistance state of the MTJ memory element 50 from high to
low. As electrons that pass through the magnetic reference
layer 54 are being spin-polarized, the spin-polarized elec-
trons exert a spin transfer torque on the magnetic free layer
58, causing the magnetization direction of the magnetic free
layer 58 to switch from the anti-parallel 66 to parallel orien-
tation 60 when the spin-polarized current or parallelizing
current 68 exceeds a threshold level. It should be noted that
the parallelizing write current 68 tlows 1n the opposite direc-
tion as the electrons. Conversely, FIG. 2D illustrates the write
process for switching the resistance state of the M'TJ element
50 from low to high. As electrons pass through the magnetic
free layer 38, the electrons with the same spin direction as that
of the magnetization 1n the magnetic reference layer 34 pass
into the magnetic reference layer 54 unimpeded. However,
the electrons with the opposite spin direction are retlected
back to the magnetic free layer 58 at the boundary between
the tunnel junction layer 62 and the magnetic reference layer
54, causing the magnetization direction of the magnetic free
layer 58 to switch from the parallel to anti-parallel orientation
when the anti-parallelizing current 70 exceeds a threshold
level.

FIGS. 3A-3D 1illustrate operation of a conventional ST'T-
MRAM cell including a perpendicular MTJ memory element
80 coupled 1n series to a selection transistor 82. The MTJ
memory element 80 includes a magnetic reference layer 84
having an invariable perpendicular magnetization direction
86 and a magnetic free layer 88 having a variable perpendicu-
lar magnetization direction 90 or 96 with a tunnel junction
layer 92 interposed therebetween. The operation of the per-
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pendicular MTJ memory element 80 as shown in FIGS.
3A-3D 1s substantially similar to that of the mn-plane MTJ
memory element 50 as illustrated i FIGS. 2A-2D and
described above. FIGS. 3A and 3B shows the resistance state
of the MTJ] memory element 80 can be determined by passing
a read current 94 therethrough. The resistance state can be
switched from high to low by a parallelizing write current 98
flowing 1n the direction of the M'TJ memory element 80 to the
selection transistor 82 as 1illustrated in FIG. 3C. Conversely,
FIG. 3D shows the resistance state can be switched from low
to hugh by an anti-parallelizing write current 100 flowing in
the opposite direction.

To be cost competitive, a small memory cell size and a
memory cell capable of storing multiple bits of data are
desired to yield maximum bits per die. Unlike the floating
gate based tlash memory, such as conventional NAND, which
can be programmed to read 4 or more voltage levels, a single
MTJ memory element only has two stable resistance states.
Therefore, a conventional STT-MRAM device can only store
1 bit of data per cell, which 1s a disadvantage compared with
other memory devices capable of storing multiple bits per
cell.

Information relevant to attempts to address this 1ssue can
be found 1 U.S. Pat. Application Publication No. US 2012/
0243311 Al and U.S. Pat. Application Publication No. US
2012/0134200 A1, which disclose MTJ memory cells having
two parallel MTJ memory elements coupled to a selection
transistor. However, each one of these references sutfers from
one or more of the following disadvantages: the maximum
number of memory elements per selection transistor 1s lim-
ited because of the read operation scheme employed and the
parallel memory element layout 1s not space-eificient for
small selection transistors.

For the foregoing reasons, there 1s a need for an MLC and
a method for operating a space-etficient MLC cell.

SUMMARY

The present invention 1s directed to a method for detecting,
and writing a multi-level cell (IMLC), which includes a plu-
rality of memory elements coupled in series. Each of the
plurality of memory elements has a first electrical state and a
second electrical state. The electrical states can be character-
1zed by electric potential, electric resistance, electric current,
or any combination thereof. The MLC has an electrical value
corresponding to the electrical states of the memory elements
thereol. The electrical value can correspond to any suitable
parameter, such as but not limited to voltage, resistance, cur-
rent, or any combination thereof. Each memory element can
be switched from the first electrical state to the second elec-
trical state by a first switching input no less than a first switch-
ing input threshold. Conversely, each memory element can be
switched from the second electrical state to the first electrical
state by a second switching input no less than a second
switching mnput threshold. The first and second switching
input thresholds of any element 1n the MLC are substantially
different from those of the rest of the elements in the MLC
such that writing any memory element of the MLC would not
perturb the electrical states of the memory elements that have
higher switching input thresholds. The switching inputs can
be in the form of any suitable switching means, such as but not
limited to electric potential, electric field, electric current,
magnetic field, temperature, pressure, mechanical stress, or
any combination thereof. Moreover, the first and second
switching inputs can have the same polarity (unipolar) or
opposite polarities (bipolar).
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The method detects the electrical states of i1ndividual
memory elements of an MLC by sequentially writing at least
one memory element of the MLC to the second electrical state
in order of ascending write input threshold. If a written ele-
ment switches the electrical state thereot after the write step,
then the written element was 1n the first electrical state prior to
the write step. Otherwise, the written element was 1n the
second electrical state prior to the write step. The switching of
the electrical state may be ascertained by comparing the elec-
trical values of the plurality of memory elements before and
alter writing each of the at least one of the plurality of
memory elements 1n accordance with several embodiments of
the present mvention. I there 1s no substantial difference
between the electrical values before and after writing, then
the electrical state of the written element has not switched. I
there 1s substantial difference between the electrical values
betore and after writing, then the electrical state of the written
clement has switched. The method of the present invention
may include the optional step of sequentially writing each of
the at least one of the plurality of memory elements to the
original electrical state thereof from the second electrical
level 1n order of descending first and second write 1mput
thresholds. The same method can also be used to write the
plurality of memory elements from an arbitrary set of elec-
trical states to another arbitrary set of electrical states by
writing each element 1n order of descending first and second
write input thresholds.

According to another aspect of the present invention, a
method for detecting the electrical states of individual
memory elements of an MLC 1ncludes the step of sequen-
tially writing at least one memory element of the MLC to a
corresponding individual target electrical state in order of
ascending write input threshold. The corresponding 1ndi-
vidual target electrical state 1s either the first or second elec-
trical state. If a written element switches the electrical state
thereol after the write step, then the written element was 1n the
clectrical state different from the corresponding individual
target electrical state prior to the write step. Otherwise, the
written element was 1n the corresponding individual target
clectrical state prior to the write step. The switching of the
clectrical state may be ascertained by comparing the electri-
cal values of the plurality of memory elements before and
alter writing each of the at least one of the plurality of
memory elements in accordance with several embodiments of
the present mvention. I there 1s no substantial difference
between the electrical values before and after writing, then
the electrical state of the written element has not switched. IT
there 1s substantial difference between the electrical values
betfore and after writing, then the electrical state of the written
clement has switched. The method of the present invention
may include the optional step of sequentially writing each of
the at least one of the plurality of memory elements to the
original electrical state thereof from the second electrical
level 1n order of descending first and second write 1nput
thresholds.

According to still another aspect of the present invention, a
memory device has a plurality of memory cells, each of which
including a plurality of memory elements coupled 1n series.
The memory device comprises at least two memory sectors,
cach of which including at least a specific one of the plurality
of memory elements from at least two of the plurality of
memory cells.

These and other features, aspects, and advantages of the
present ivention will become better understood with refer-
ence to the following description and appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood with regard
to the following description, appended claims, and accompa-
nying drawings where:

FIG. 1 1s a schematic circuit diagram of a conventional
STT-MRAM device;

FIGS. 2A-2D are schematic views illustrating read and
write operations for a conventional STT-MRAM cell includ-
ing an i-plane MTJ memory element;

FIGS. 3A-3D are schematic views illustrating read and
write operations for a conventional STT-MRAM cell includ-
ing a perpendicular MTJ memory element;

FIG. 4 1s a schematic view of a STT-MRAM MLC, includ-
ing multiple MTJ memory elements coupled 1n series, that
can be used with the method embodiments of the present
invention;

FIG. 5 1s a cross sectional view of an exemplary STT-
MRAM MLC corresponding to the schematic view of FI1G. 4;

FIG. 6 illustrates selected stages in a method embodiment
of the present mvention that identifies resistance states of
individual memory elements coupled 1n series;

FI1G. 7 1llustrates selected stages of a comparison method to
determine whether a memory element has switched the resis-
tance state thereot for the embodiment of FIG. 6;

FI1G. 8 1s a table that 1llustrates changes 1n resistances states
of MLC memory elements during the write sequence 1n
accordance with a method embodiment of the present mnven-
tion;

FIG. 9 illustrates selected stages in another method
embodiment of the present invention that identifies resistance
states of individual memory elements coupled 1n series;

FI1G. 10 1llustrates selected stages of a comparison method
to determine whether a memory element has switched the
resistance state thereof for the embodiment of FIG. 9;

FIG. 11 shows a plot of write current versus time and
corresponding voltage for sequentially writing each memory
element of an MLC;

FI1G. 12 shows another plot of write current versus time and
corresponding voltage for sequentially writing each memory
element of an MLC;

FIG. 13 illustrate selected stages in still another method
embodiment of the present mnvention corresponding to FIGS.
11 and 12;

FI1G. 14 illustrate still another plot of write current versus
time and corresponding voltage for sequentially writing each
memory element of an MLC;

FI1G. 15 1llustrate selected stages in yet still another method
embodiment of the present invention corresponding to FIG.
11;

FIG. 16 15 a schematic view of an MLC, including a selec-
tion diode coupled to multiple memory elements in series,
that can be operated by the method of the present invention;
and

FI1G. 17 1s a graph showing the effect of write pulse length
on normalized switching current for a MTJ memory element.

For purposes of clarity and brevity, like elements and com-
ponents will bear the same designations and numbering,
throughout the Figures, which are not necessarily drawn to
scale.

DETAILED DESCRIPTION

In the Summary above and in the Detailed Description, and
the claims below, and 1n the accompanying drawings, refer-
ence 1s made to particular features, including method steps, of
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6

the 1invention. It 1s to be understood that the disclosure of the
invention 1n this specification includes all possible combina-
tions of such particular features or steps. For example, where
a particular feature or step 1s disclosed 1n the context of a
particular aspect or embodiment of the invention, or a par-
ticular claim, that feature or step can also be used, to the extent
possible, in combination with and/or in the context of other
particular aspects and embodiments of the mvention, and in
the invention generally.

Where reference 1s made herein to a method comprising
two or more defined steps, the defined steps can be carried out
in any order or simultaneously, except where the context
excludes that possibility, and the method can include one or
more other steps which are carried out before any of the
defined steps, between two ol the defined steps, or after all the
defined steps, except where the context excludes that possi-
bility.

While the following discussion of various embodiments
will primarily focus on STT-MRAM, 1t will be noted that this
1s merely for purposes of illustration. The methods disclosed
herein can be readily adapted for any type of MLC memory

cell that stores data bits 1n the form of different resistance
states, such as Resistive RAM and Phase Change RAM.

FIG. 4 1llustrates an STT-MRAM multi-level cell (MLC)
200 that may be used with the method embodiments of the
present invention. The MLC 200 includes a selection transis-
tor 202 coupled to a series of MTJ memory elements 204 in
series between a source line 206 and a bit line 208. The gate
of the selection transistor 202 1s coupled to a word line 210.
The series of MTJ memory elements 204 comprise n number
of MTJ] memory elements, where n 1s an integer greater than
one. The series of MTJ memory elements 204 each includes
at least one magnetic reference layer and at least one magnetic
free layer with an insulating electron tunnel junction layer
interposed therebetween. The magnetization directions of the
magnetic reference and free layers may lie 1n or perpendicular
to the layer planes. The series of MTJ memory elements 204
cach may further include additional magnetic and non-mag-
netic layers therein, such as but not limited to magnetic pin-
ning layer, magnetic pinned layer, magnetic fixed layer, anti-
ferromagnetic layer, anti-ferromagnetic coupling laver,
magnetic assist layer, magnetic balance layer, non-magnetic
spacer layer, non-magnetic separation layer, non-magnetic
seed layer, non-magnetic capping layer, and non-magnetic
perpendicular enhancement layer. Various types of MTJ
memory elements may be utilized together 1n the series of
MTJ memory elements 204. For example, one of the series of
MTJmemory elements 204 may be an in-plane MTJ memory
clement which includes an 1n-plane magnetic reference layer
and an in-plane magnetic iree layer with a tunnel junction
layer interposed therebetween, while another memory ele-
ment may be a perpendicular MTJ memory element that has
additional layers, such as magnetic pinned layer and perpen-
dicular enhancement layer. A physical example of the series
of MTJ memory elements 204 1s illustrated in FIG. 5. The
MLC memory stack 250 of FI1G. 5 has a trapezoidal shape and
includes 7 MTJ memory elements 252-264 separated by 6
clectrodes 266-276. Assuming all MTJ memory elements
252-264 have substantially similar film structures, then the
top MTJ memory element 252, which has the smallest planar
dimension, would have the lowest write current threshold.
Accordingly, the bottom MTJ memory element 264, which
has the largest planar dimension, would have the highest write
current threshold.

With continuing reference to FI1G. 4, the resistance state of
cach of the series of MTJ memory elements 204 has a low

resistance level and a high resistance level corresponding to
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the parallel and anti-parallel magnetization configurations,
respectively. The resistance state of each of the series of MTJ
memory elements 204 can be switched from the low to the
high resistance state by an anti-parallelizing write current no
less than an anti-parallelizing write current threshold. Simi-
larly, the resistance state can be switched back from the high
to the low resistance state by a parallelizing write current no
less than a parallelizing write current threshold level. More-
over, the parallelizing and anti-parallelizing write current
thresholds of any of the series of MTJ memory elements 204
are substantially different from those of the rest of the series
of MTJ memory elements 204 such that writing any of the
series of MTJ memory elements 204 would not perturb the
resistance states of ones that have higher write current thresh-
olds. The MLC memory stack 250 of FIG. 5 1s an example of
a series of MTJ memory elements having different write
current thresholds because of different planar dimensions
thereol. Alternatively, MTJ] memory elements with different
write current thresholds can be fabricated by changing the
MTI film structure and/or film properties. It should be noted
that the MTJ memory elements 1n the series 204 do not have
to be physically arranged 1n sequential order of increasing or
decreasing write current threshold to practice the present
ivention.

Operation of the STT-MRAM MLC 200 according to a
method embodiment of the present invention for detecting
individual resistance states of the series of MTJ memory
clements 204 having n number of MTJ memory elements
coupled 1n series will now be described with reference to FIG.
6. The process begins by reading an initial voltage value,
V orp e 01 the series of MTJ memory elements 204 and then
storing or saving the initial voltage value 1n a butler entry 302.
After the mitial voltage reading, each of the n number of the
MTJ memory elements in the series 204 1s sequentially writ-
ten to the low resistance state from the element with the
lowest parallelizing write current threshold to the element
with the highest parallelizing write current threshold 304. The
write current for switching a memory element may be no less
than the write current threshold thereof but less than those of
clements with higher write current thresholds so as not to
perturb the resistance states thereof.

After each writing, the voltage value of the series of MT1J
memory elements 204 1s read and then sequentially stored or
saved 1n a Correspondmg butfer entry 306. For example an
MLC compnsmg four memory elements coupled 1n series
would require four write steps and five bulfer entries to store
the voltage values. The initial voltage value of the MLC will
be saved in the first buller entry. The voltage value of the
MLC after the element with the lowest write current threshold
1s written to the low resistance state 1s then saved in the second
butiler entry. The process 1s repeated until the element with the
highest write current threshold 1s written and the correspond-
ing MLC voltage value 1s saved 1n the fifth or last buifer entry.
If an element 1s already in the low resistance state prior to
writing, the element will remain 1n the low resistance state
after writing, thereby resulting 1n no substantial voltage
change for the series of MTJ memory elements 204 after
writing the element. If an element 1s 1n the high resistance
state prior to writing, the element will switch to the low
resistance state after writing, thereby resulting 1n substantial
voltage decrease for the series of MTJ memory elements 204
alter writing the element when measured with the same read
current.

After the voltage values are stored 1n the butfer, the original
resistance states of individual memory elements of the series
of MTImemory elements 204 can be identified by comparing
the voltage values of consecutive pair entries saved in the
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buifer 308. The process of comparing the voltage values
saved 1n the buiter to determine the original resistance states
of individual memory elements 308 is illustrated 1n FIG. 7.
The buffer has n+1 entries for the series of MTJ memory
clements 204 including n number of memory elements. The
first bulfer entry (Buifer 0) and the second bufler entry
(Butfer 1) represent the voltage values of the series of MT1J
memory elements 204 before and after the element with the
lowest write current threshold 1s written to the low resistance
state. Since an element can initially be 1n the high or low
resistance state, writing the element to the low resistance state
can result in a decrease or no substantially change 1n the
voltage value of the series of MTJ memory elements 204.
Accordingly, 1f the value of the second butler entry (Builer 1)
1s lower than that of the first entry (Butfer 0), then the element
with the lowest write current threshold was 1n the high resis-
tance state prior to the write process. If there 1s no substantial
difference between the values of the second buffer entry
(Butfer 1) and the first entry (Builer 0), then the element was
in the low resistance state prior to the write process. The
above described analysis 1s applied to the second and third
buifer entries (Buflers 1 and 2), the third and fourth buifer
entries (Bulfers 2 and 3), and so on until the individual resis-
tance states of all n number of memory elements are 1denti-
fied. It should be noted that the step of comparing buifer
values 308 can begin with at least two entries 1n the builfer,
after which the step of comparing buifer value 308 can run
concurrently with the write process 304 and the read process
306 before all memory elements are written to the low resis-
tance state. Instead of using the voltage value to characterize
the resistance states of the series of MTJ memory elements
204 as describe above, the resistance value, which 1s calcu-
lated from voltage and current, may also be used to charac-
terize the resistance states of the series of MTJ memory
clements 204, especially when the read current 1s not con-
stant. Moreover, the read current that flows through the series
of MTJ] memory elements 204 when a pre-determined fixed
voltage 1s applied to the series of MT] memory elements 204
can also be used to characterize the resistance states thereof.
The method of detecting individual resistance states of the
series of MTJ] memory elements 204 from the element with
the lowest write current threshold (1=1) to the element with
the highest write current threshold (1=n) as 1llustrated i FIG.
6 may alternatively be divided into multiple segments to
reduce the total time required for detecting the resistance
states of all elements. This approach 1s particularly effective
when elements with highest write current thresholds are all in
the same original resistance state, preferably the state to
which the elements are written. For example, the method
illustrated 1n FIG. 6 may be divided into two segments: 1 to
n/2 and n/2+1 to n. After finmshing the write step 304, the read
step 306, and the comparison step 308 for the first segment of
1=1, n/2 elements, 1f the voltage value V .5, has already
reached a pre-determined minimum value, then the resistance
states of remaining elements (n/2+1 to n) are known to be at
the low resistance level without having to repeat the write step
304, the read step 306, and the comparison step 308 for the
remaining elements. Accordingly, the total time required for
detecting individual resistance states of the series of MTJ
memory elements 204 as 1llustrated 1n FIG. 6 may be short-
ened 11 bits or data corresponding to the low resistance state or
the state to which the elements are written are preferentially
stored 1n elements with highest write current thresholds.
The current approach of sequentially writing the memory
clements with ascending write current threshold for 1dentify-
ing the resistance states of individual elements can advanta-
geously 1solate the resistance change to the written memory
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clement because the resistance states of the memory elements
with lower write current thresholds remain the same and the
resistance states of the memory elements with higher write
current thresholds are not perturbed.

Referring back to FIG. 6, after the resistance states of all
individual memory elements are 1dentified by comparing the
buffer values 308, the resistance states of all individual
memory elements of the series of MTJ memory elements 204
are 1n the low resistance state. Accordingly, the method
embodiment of the present invention for detecting individual
resistance states may further include the step of writing 1ndi-
vidual memory elements back to the original states thereof
310. This can be accomplished by sequentially writing each
of the series of MTJ memory elements 204 from one with the
highest parallelizing and anti-parallelizing write current
thresholds to one with the lowest parallelizing and anti-par-
allelizing write current thresholds. Such hierarchical writing
scheme would prevent the write process from perturbing the
resistance states of previously written memory elements. For
example, FIG. 8 shows the resistance states of an MLC
including 5 memory cells coupled 1n series that have the
original resistance states of high, low, high, high, and low for

the 5 memory elements in descending write current thresh-
olds, respectively. The first write step switches the element
(1°9) with the highest write current thresholds and all other
clements to the high resistance state. The second write step
uses a parallelizing write current that 1s less than the paral-
lelizing write current threshold of the element with the high-
est write current thresholds to write the elements with the
second, third, fourth, and fifth highest write current thresh-
olds to the low resistance state. The third write step uses an
anti-parallelizing write current that is less than the anti-par-
allelizing write current threshold of the element with the
second highest write current thresholds to write the elements
with third, fourth, and fifth highest write current thresholds to
the high resistance state. Since the third write step switches
both elements of the third and fourth highest write current
thresholds to the high resistance state, only a fourth write step
1s needed to switch the element with the fifth highest write
current thresholds to the low resistance state. It should be
noted that the wrniting of an MLC including n number of
memory elements would require no more than n write steps
according to the present invention. The number of write steps
can be reduced 1 memory elements with consecutive write
current threshold ranking are 1n the same resistance state.

MTJ memory elements with higher write current thresh-
olds are normally written with write pulses having higher
amplitudes. However, doing so may exceed the current car-
rying capacity of the selection transistor and/or cause dam-
ages to the memory elements with low write current thresh-
olds 11 the write current amplitude exceeds a certain level. To
avold these potential 1ssues, MTJ memory elements with
different write current thresholds may be written with write
pulses having similar amplitudes but different pulse lengths.
FIG. 17 shows the experimental result of a single STT-
MRAM MT1IJ element being switched by write current pulses
at different write pulse length. The normalized switching
current decreases with increasing pulse length. Theretfore, the
write current threshold to switch a given MTJ will be reduced
by using a longer pulse. By keeping the amplitude of the write
current pulse relatively constant, the MTJ memory elements
with higher write current thresholds would require longer
write pulses than the MTJ memory elements with lower write
current thresholds, causing harder-to-write elements and
casier-to-write elements to become “slow bits” and “fast
bits,” respectively.
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Instead of using a single long pulse to write a MTJ with a
high write current threshold, multiple short pulses of write
current may also be used to switch the resistance state of the
MTI. For an easy-to-write M1, a single short pulse at a given
write current amplitude may be enough for switching the
resistance state thereof, while multiple short pulses may be
required for switching the resistance state of a hard-to-write
MTI. It 1s possible to add an optional resistance comparison
step after each multiple-pulse writing attempt that compares
the total resistance of the series of MTJI memory elements 204
betore and after the writing attempt. It the resistance of the
memory elements 204 changes according to that of the hard-
to-write MT1J, then such writing attempt 1s successtul and the
writing process for the hard-to-write M1 1s terminated. Oth-
erwise, another writing attempt can optionally be initiated
again, with the same condition or different conditions as the
previous attempt. The second write attempt, for example, can
use a larger number of short pulses and/or a higher write
current. Such processes of resistance comparison and writing
attempt can be repeated until a desired resistance change 1n
the memory elements 204 1s detected or until a pre-deter-
mined cycles 1s reached without substantial change in the
resistance.

In addition to the above-described methods of 1increasing
the write input energy, such as higher current amplitude,
longer pulse length, and multiple pulses, to facilitate the
switching of a hard-to-write MTJ] memory element, exter-
nally exerted assisted-writing scheme which lowers the write
current threshold may also be used. For example, heating the
MTJ element reduces the coercivity of the data storage layer,
thereby lowering the write current threshold. Electric or mag-
netic field exerted on the data storage layer perpendicular to
the film plane or in the film plane may also reduce the coer-
civity of the data storage layer. Mechanical stress may alter-
natively be used to reduce the coercivity of the data storage
layer. The reduction of write current threshold by heating,
clectric or magnetic field, or mechanical stress would corre-
spondingly permit the write mnput of a MTJ memory element
to have lower pulse amplitude, shorter pulse length, or fewer
pulses.

The above-described method of wrnting 1ndividual
memory elements of an MLC back to the original states
thereof 310 can also be used as a general write method for
writing an MLC with a set of arbitrary resistance states to a set
of desired resistance states. Such a writing method would
normally entaill multiple write steps as illustrated 1n the
example of FIG. 8. Moreover, switching the resistance state
of a single memory element may require writing other ele-
ments as well, especially 11 the single memory element has
relatively high write current thresholds. Accordingly, 1t 1s
preferable to store frequently accessed data 1n memory ele-
ments with low write current thresholds, which have the
additional benefit of being “fast bits” that consume less
energy.

Another method embodiment of the present invention for
detecting individual resistance states of the series of MTJ
memory elements 204 having n number of MTJ memory
clements coupled 1n series will now be described with refer-
enceto FI1G. 9. The process begins by measuring or reading an
initial voltage value of the series of MTJ memory elements
204 and then storing or saving the 1nitial resistance value 1n a
first bulfer entry (Buifer 0) 352. The voltage value may be
determined from the measured potential change across the
series of M TJImemory elements 204,V .. .. Alter the mnitial
voltage reading, each of the n number of the MTJ memory
clements 1n the series 204 1s sequentially written to the low
resistance state 1n order of ascending parallelizing write cur-
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rent threshold 354. The write current for switching a memory
clement may be no less than the write current threshold
thereol but less than those of elements with higher write
current thresholds so as not to perturb the resistance states
thereol.

After writing each memory element, the voltage value of
the series of MTJ memory elements 204 1s read and then
saved 1n a second bulfer entry (Builer 1) 356. After the volt-
age values are saved 1n the first butfer entry (Builer O) and the
second butler entry (Builer 1), the original resistance state of
the memory element can be 1dentified by comparing the volt-
age values 1n Butifers O and 1 358, as illustrated by the process
diagram 1n FIG. 10. The process of determining the resistance
state as illustrated 1n FIG. 10 1s similar to that illustrated 1n
FI1G. 7 for the embodiment of FIG. 6, which uses n+1 butier
entries for an MLC with n number of memory elements. The
method embodiment of FIG. 9, however, requires only two
butiler entries, which are continuously updated or refreshed
with each new writing. Referring now to FIG. 10, the first
butiler entry (Builer O) and the second butlfer entry (Builer 1)
represent the voltage values of the series of MTJ memory
clements 204 before and after element 1 with the 1th lowest
write current threshold 1s written to the low resistance state.
Since an element can initially be 1n the high or low resistance
state, writing element 1 to the low resistance state can result in
a decrease or no substantially change 1n the voltage value of
the series of MTJ memory elements 204. Accordingly, if the
value of the second buffer entry (Builer 1) 1s lower than that
of the first entry (Bufler 0), then element 1 was in the high
resistance state prior to the write process. It there 1s no sub-
stantial difference between the values of the second buffer
entry (Buffer 1) and the first entry (Buffer 0), then element 1
was 1n the low resistance state prior to the write process.

Alfter the resistance state of element11s identified after each
writing, the voltage value of Builfer O 1s replaced with the
voltage value of Buifer 1 360. The above-described process
steps of writing the memory element 354, reading voltage
value of the series of memory elements and saving the value
in Buifer 1 356, comparing the values saved 1n the butifer to
determine the resistance state of the element 358, and replac-
ing the values of Bufler 0 with the value of Buffer 1, are
repeated for all elements 1n order of ascending parallelizing
current threshold.

Referring back to FIG. 9, after the resistance states of all
individual memory elements are 1dentified by comparing the
buffer values 360, the resistance states of all individual
memory elements of the series of MTJ memory elements 204
will be 1n the low resistance state. Accordingly, the method
embodiment of the present invention for detecting individual
resistance states may further include the step of writing 1ndi-
vidual memory elements back to the original states thereof
310 as described above.

The method embodiment of FIG. 9, which uses only two
buffer entries, 1s different from the method embodiment of
FIG. 6 1n that after each writing step 354, the resistance state
1s determined from the values in the buffer 358 prior to writ-
ing the next element with higher parallelizing current thresh-
old. In the method embodiment of FIG. 6, the resistance states
of memory elements can be determined after writing each
clement or after writing all elements to the low resistance
state because the process has enough builer entries to accom-
modate all resistance values generated from writing the series
of MTJ memory elements 204.

Still another embodiment of the present imvention for
detecting individual resistance states of the series of MTJ
memory elements 204 having n number of MTJ memory
clements coupled in series will now be described with refer-
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ence to FIG. 11, which shows a plot of the parallelizing write
current versus time on top and a plot of the corresponding
voltage value of the series of MTJ memory elements 204 on
bottom while writing four memory elements in order of
ascending write current threshold. As the first write current
pulse passes through the series of MTJ memory elements 204,
the memory element with the lowest write current threshold
switches to the low resistance state as indicated by the change
in the corresponding voltage value. The change of resistance
state can be ascertained by comparing the voltage values near
the beginning and end of the write current pulse, which are
marked by the solid and open circles, respectively. Accord-
ingly, the original resistance state of the memory element
with the lowest write current threshold was at the high resis-
tance level. The voltage values near the beginning and end of
the write current pulse for the memory element with the
second lowest write current threshold are substantially the
same, indicating that the original resistance state of the same
memory element was already at the low resistance level prior
to writing. The same procedures can be extended to the rest of
the series of memory elements 204. The present embodiment
1s different from the method embodiments of FIGS. 6 and 9 1n
that the voltage value 1s conveniently read during the write
process illustrated in FI1G. 11 rather than using a separate read
current to read the voltage value. The current embodiment of
comparing the voltage values near the beginning and end of a
write step can also be used with a step-like write current input
as 1llustrated in FIG. 12, in which the write current continu-
ously increases 1n a step-wise manner until all elements are
written to the low resistance state.

FIG. 13 1llustrates a method embodiment corresponding to
FIGS. 11 and 12. The process begins by sequentially writing
cach of the series of memory elements 204 to the low resis-
tance state 1n order of ascending parallelizing write current
threshold while reading the corresponding voltage values
near the beginning and end of the write step 370. The voltage
values near the beginning and end of the write step are com-
pared to i1dentily the original resistance state 372 following
the process steps described 1n FIG. 10. The voltage values
near the beginning and end of the write step correspond to
those of Builers 0 and 1, respectively. I the voltage value near
the beginning 1s higher than that near the end of the write step,
then the original resistance state was at the high resistance
level. If there 1s no substantial difference between the two
voltage values, then the original resistance state was at the low
resistance level.

With continuing reference to FIG. 13, after the resistance
states of all individual memory elements are 1dentified 372,
the resistance states of all individual memory elements of the
series of MTJ memory elements 204 will be 1n the low resis-
tance state. Accordingly, the present embodiment may further
include the step of writing individual memory elements back
to the original states thereof 310 described above.

An alternative way to the sampling the voltages values near
the beginning and end of a write step as shown in FIGS. 11
and 12 1s to only read the voltage value near the end of a write
step as 1llustrated 1n FIG. 14. This approach requires fewer
sampling points but needs a more complicated algorithm to
ascertain whether the element has switched because consecus-
tive voltage values are read with different current. One pos-
sible algorithm 1s to convert the voltage value to the resistance
value of the series of MTJ memory clements 204 before
comparison, thereby eliminating the effect of current varia-
tion. Another possible algorithm 1s to compare the voltage
values while taking the current variation into account.

FIG. 15 1llustrates a method embodiment corresponding to
the alternative sampling scheme of FIG. 14. The process
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begins by reading the voltage value of the series of MTJ
memory elements 204 and converting the voltage value to the
resistance value 378. Each of the n number of the MTJ
memory elements 1n the series 204 1s then sequentially writ-
ten to the low resistance state from the element with the
lowest parallelizing write current threshold to the element
with the highest parallelizing write current threshold and read
the voltage value near the end of the write process 380. The
voltage value 1s converted to the resistance value for subse-
quent analysis 382. The resistance state of the each of the n
number of the MTJ memory elements 1s 1dentified by com-
paring the resistance values before and near the end of the
write process 384 as 1llustrated 1n FIG. 10. The method may
optionally include the step of wrnting individual memory
clements back to the original resistance states thereof 310.

While the embodiments of FIGS. 6, 9, 13, and 15 have
described the writing of each memory element to the low
resistance state, 1t should be noted that each memory element
can also be written to the high resistance state in the present
invention. The comparison schemes of FIGS. 7 and 10 can be
readily modified to accommodate the writing of memory
clements to the high resistance state as would be understood
by one of skill in the art. For example, in the case that all
memory elements are written to the high resistance state, 1f
the voltage value increases after writing an element, then the
original resistance state of the element was at the low resis-
tance level. Alternatively, the memory elements 204 may be
written to more than one resistance state in the method
embodiments of FIGS. 6,9, 13, and 15. Each of the memory
clements 204 may be written to a pre-determined resistance
state that 1s different from some or all other elements. The
comparison schemes of FIGS. 7 and 10 can be readily modi-
fied to accommodate the pre-determined resistance state as
would be understood by one of skill 1n the art.

The write process of sequentially writing individual
memory elements of an MLC 1n order of descending write
current threshold according to the present invention can be
shortened by preferentially storing bits of information corre-
sponding to the same resistance state in elements having
consecutive write current thresholds. For example, to write
three memory elements with highest, second highest, and
third highest write current thresholds of an MLC to the same
resistance state would require only one write step because the
write current used to switch the element with highest write
current threshold would also switch the elements with the
second and third highest write current thresholds in the MLC.

Similarly, the method of detecting the resistance states of
individual memory elements of an MLC by sequentially writ-
ing cach memory element to the same target resistance state in
order of ascending write current threshold according to FIGS.
6,9, 13, and 15 may be optimized by preferentially storing
bits of information corresponding to the target resistance state
in clements having highest write current thresholds. For
example, determining the resistance states of individual ele-
ments of an eight-element MLC having four memory ele-
ments with highest write current thresholds already 1n the
target resistance state may only require writing and reading
the first four elements with lower write current thresholds 11
the total resistance or voltage value of the MLC reaches a
pre-determined cell maximum or minimum value, depending
on the target resistance state. Once such a cell maximum or
minimum value 1s reached, 1t can be concluded that the resis-
tance states of the rest of the elements 1n the MLC will be in
the target resistance state without having to repeat the writing,
and reading steps for the rest of the elements.

The above-described approaches of preferentially storing
bits of information corresponding to the same resistance state
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in elements having consecutive write current thresholds or
preferentially writing to the target resistance state in elements
having highest write current thresholds may be attained by a
code space transformation, 1n which the original data space
can be coded and transformed 1nto a new data space without
loss of mformation. One way to implement the code space
transiformation 1s to use a look-up table 1n the memory con-
troller, which can map data to new data space that has more
consecutive “1”’s or “07s, 1.e. same resistance state, 1n
memory elements with higher write current thresholds.

Formation of “fast bits” and “slow bits” within an MLC as
described above means that different types of data, depending
on access Ifrequency and data retention requirement, can be
preferentially stored 1n the fast or slow bits. For example, an
MLC memory device may include a plurality of MLC
memory cells, each of which includes n memory elements
coupled 1n series with the first and nth elements having the
lowest and highest write current thresholds, respectively. The
MLC device may be divided into multiple memory sectors
based on access speed thereol. Each memory sector may
include one or more specific memory elements from each of
the MLC cells. Frequently accessed data, such as cache and
error correction code (ECC) data, may be stored in the
memory sector containing the first memory elements, while
archive data that are infrequently accessed and require rela-
tively longer data retention may be stored in the memory
sector containing the nth memory elements, which have the
slowest access speed but highest data retention life owing to
the highest write current threshold. Each memory sector does
not have to include specific memory elements from all
memory cells. For example, a data sector of the MLC device
having n memory elements within each cell may include the
first and second memory elements of some cells only.

The present invention can operate an MLC including a
plurality of memory elements having substantially the same
high and low resistance levels, which 1s an obvious advantage

when compared with the prior art methods 1 U.S. Pat. Appli-
cation Publication No. US 2012/0243311 Al and U.S. Pat.

Application Publication No. US 2012/0134200 A1. The prior
art methods disadvantageously relies on each of the memory
clements 1n the MLC to have a different low resistance level
and a different high resistance level from the rest of the
clements 1n order to assign a unique set of resistance states to
a combined resistance or voltage value. Moreover, as the
number of the memory elements and corresponding unique
resistance states increase, the difference between a resistance
or voltage value and the closest value thereto decreases,
thereby hampering the ability of the prior art methods to
differentiate sets of resistance states. In contrast, the present
invention utilizes the approach of sequentially writing the
memory elements with ascending write current threshold for
identifying the resistance states of individual elements can
advantageously 1solate the resistance change to the written
memory element. Therefore, the effectiveness of the present
method 1n 1dentifying the resistance states 1s relatively inde-
pendent of the number of memory elements 1n an MLC.

It 1s clear from the foregoing disclosure of the method
embodiments of FIGS. 6,9, 13, and 15 that the present inven-
tion can be used to operate other types of MLCs with each of
the memory element thereof having a first electrical state and
a second electrical state. The electrical states can be charac-
terized by electric potential, electric resistance, electric cur-
rent, or any combination thereof. The MLC has an electrical
value corresponding to the electrical states of the memory
clements thereof. The electrical value can be any suitable
parameter, such as but not limited to voltage, resistance, cur-
rent, or any combination thereof. The memory element can be
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switched from the first electrical state to the second electrical
state by a first switching input no less than a first switching
input threshold. Conversely, the memory element can be
switched from the second electrical state to the first electrical
state by a second switching input no less than a second
switching mput threshold. The first and second switching

input thresholds of any element 1n the MLC are substantially
different from those of the rest of the elements in the MLC
such that writing any memory element of the MLC would not
perturb the electrical states of the memory elements that have
higher switching input thresholds. The switching inputs can
be in the form of any suitable switching means, such as but not
limited to electric potential, electric field, electric current,
magnetic field, temperature, pressure, mechanical stress, or
any combination thereof. Moreover, the first and second
switching inputs can have the same polarity (unipolar) or
opposite polarities (bipolar). Memory elements that can be
switched by unipolar switching inputs may also be coupled to
a selection diode 220 as shown 1n FIG. 16.

The method of detecting the electrical states of individual
memory elements of an MLC by sequentially writing each
memory element to the same electrical state, say the second
clectrical state, 1n order of ascending write input threshold. If
a written element switches the electrical state thereof after the
write step, then the written element was 1n the first electrical
state prior to the write step. Otherwise, the written element
was 1n the second electrical state prior to the write step. The
switching of the electrical state can be ascertained by com-
paring the electrical values of the plurality of memory ele-
ments before and after writing each of the plurality of
memory elements in accordance with several embodiments of
the present invention. If there 1s no substantial difference

between the electrical values before and after writing, then
the electrical state of the written element has not switched. It
there 1s substantial difference between the electrical values
betfore and after writing, then the electrical state of the written
clement has switched. The method of the present invention
may include the optional step of sequentially writing each of
the plurality of memory elements to the original electrical
state thereol from the second electrical level in order of
descending first and second write input thresholds. The same
method can also be used to write the plurality of memory
clements from an arbitrary set of electrical states to another
arbitrary set of electrical states by writing each element 1n
order of descending first and second write mnput thresholds.

The previously described embodiments of the present
invention have many advantages. It 1s important to note, how-
ever, that the mnvention does not require that all the advanta-
geous features and all the advantages need to be incorporated
into every embodiment of the present invention.

While the present invention has been shown and described
with reference to certain preferred embodiments, 1t 1s to be
understood that those skilled 1n the art will no doubt devise
certain alterations and modifications thereto which neverthe-
less include the true spirit and scope of the present invention.
For example, there are a plethora of possible sampling
schemes to read the voltage value of the MLC 1n order to
ascertain the switching of a memory element. Thus the scope
of the invention should be determined by the appended claims
and their legal equivalents, rather than by examples given.

Any element 1n a claim that does not explicitly state
“means for” performing a specified function, or “step for”
performing a specific function, 1s not to be interpreted as a
“means” or “step” clause as specified 1n 35 U.S.C. §112, 96.
In particular, the use of “step of” in the claims herein 1s not
intended to ivoke the provisions of 35 U.S.C. §112, 96.
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What 1s claimed 1s:
1. A method for detecting individual resistance states of a
plurality of memory elements coupled in series in a memory
device, each of the plurality of memory elements having a
resistance state and can be switched from a first resistance
level to a second resistance level by a write mput no lower
than a write threshold, the method comprising the steps of:
sequentially writing at least one of the plurality of memory
clements from the resistance state thereof to the second
resistance level 1n order of ascending write threshold;

ascertaining whether each of the at least one of the plurality
of memory elements has switched from the first resis-
tance level to the second resistance level;

concluding the resistance state of the each of the at least

one of the plurality of memory elements 1s 1n the first
resistance level 1f the each of the at least one of the
plurality of memory elements has switched; and
concluding the resistance state of the each of the at least
one of the plurality of memory elements 1s in the second
resistance level 1f the each of the at least one of the
plurality of memory elements has not switched.

2. The method of claim 1, further comprising the step of
sequentially writing each of the at least one of the plurality of
memory elements to the resistance state thereof from the
second resistance level 1n order of descending write 1nput
threshold.

3. The method of claim 1, wherein each of the plurality of
memory elements includes a magnetic tunnel junction with a
write input associated therewith, the write input comprises at
least one current or voltage pulse characterized by a pulse
amplitude and a pulse length.

4. The method of claim 3, wherein the step of sequentially
writing at least one of the plurality of memory elements to the
second resistance level in order of ascending write threshold
turther includes the step of reducing coercivity of the mag-
netic tunnel junction of the at least one of the plurality of
memory elements by an external means during writing.

5. The method of claim 4, wherein the external means 1s
heating, applying mechanical stress, or applying an electric or
magnetic field to the magnetic tunnel junction.

6. The method of claim 1, wherein the plurality of memory
clements are made of magnetic tunnel junctions with the
write thresholds associated therewith having different current
thresholds or voltage thresholds at the substantially same
pulse length.

7. A method for detecting individual resistance states of a
plurality of memory elements coupled in series in a memory
device, each of the plurality of memory elements having a
resistance state that can be switched from a first resistance
level to a second resistance level by a first write input no lower
than a first write threshold and can be switched from the
second resistance level to the first resistance level by a second
write input no lower than a second write threshold, the
method comprising the steps of:

sequentially writing at least one of the plurality of memory

clements to a corresponding individual target resistance
state 1n order ol ascending write threshold, the corre-
sponding individual target resistance state being either
the first or second resistance level;

ascertaining whether each of the at least one of the plurality

of memory elements has switched the resistance state
thereof;

concluding the each of the at least one of the plurality of

memory elements 1s in a different resistance level from
the corresponding individual target resistance state 1f the
cach of the at least one of the plurality of memory ele-
ments has switched the resistance state thereof; and
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concluding the each of the at least one of the plurality of 11. The memory device of claim 9, wherein each of the
memory elements 1s in the corresponding individual plurality of memory elements has two resistance levels.
target resistance state 11 the each of the at least one of the 12. The memory device of claim 9, wherein each of the
plurality of memory elements has not switched the resis- plurality of memory elements includes a magnetic tunnel
tance state thereof. 5 junction

8. The method of claim 7, further comprising the step of
sequentially writing each of the at least one of the plurality of
memory elements to the resistance state thereof from the

13. The memory device of claim 9, wherein each of the at
least two memory sectors includes at least one of the plurality

corresponding individual target resistance state in order of of memory elements from each of the plurality of memory
descending write input threshold. 0 cells.

9. A memory device with multiple memory sectors, the 14. The memory device of claim 13, wherein the plurality
memory device comprising a plurality of memory cells with of memory elements have different write input thresholds.

cach memory cell including a plurality of memory elements
coupled 1n series, wherein at least one of the plurality of
memory cells has the plurality of memory elements thereof
divided between at least two memory sectors that have dii-
ferent access speeds.

10. The memory device of claim 9, wherein the plurality of
memory elements have different write mnput thresholds. S I

15. The memory device of claim 13, wherein each of the
plurality of memory elements has two resistance levels.

15 16. The memory device of claim 13, wherein each of the
plurality of memory elements includes a magnetic tunnel

unction.
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